Introduction
Human brain physiological function and behavior undergo remarkable changes during development in young children, and there is a great deal of interest in using functional neuroimaging techniques to better understand neurodevelopment. Functional neuroimaging techniques such as magnetoencephalography (MEG) and near-infrared spectroscopy (NIRS) have advantages for use in young children because they are noninvasive, less stressful, and less restrictive than other methods [1, 2] . However, when used alone, there are technical drawbacks intrinsic to MEG and NIRS in that these methods measure cortical activities without anatomical information of the brain. To determine the anatomical significance, it is necessary to superimpose the coordinate systems of MEG and NIRS on magnetic resonance (MR) images [3] . However, it is especially difficult to perform additional MRI in young children, which thus diminishes the usefulness of MEG and NIRS measurement for this age group. One solution would be to develop an algorithm to estimate brain structural coordinates in young children on the basis of individual head shape.
The main purpose of this study was to develop and examine an algorithm to estimate the individual wholebrain structure in preschool-age children on the basis of the head surface shape, which will be available for both MEG and NIRS brain imaging without MRI.
Materials and methods

Participants and materials
Institutional review board approval and written informed consent were obtained. Thirty-eight children (age range: 3-5 years) in whom no abnormalities were observed on 3.0 T MRI were included in this study. They underwent T1-weighted MRI using a Signa Excite HDxt 3.0 T system (GE Healthcare, Milwaukee, Wisconsin, USA). These MR images consisted of 244 sequential horizontal slices 1.8 mm in thickness, with a resolution of 512 Â 512 points in a field of view of 260 mm. We created brain templates and performed image registration using C ++ Builder 6 (Borland, Scotts Valley, California, USA) on Windows XP (Microsoft, Redmond, Washington, USA). The computer was equipped with a 3.6 GHz Pentium 4 CPU and 3.0 GB of memory.
Overall scheme
We prepared MR images of the heads of 38 preschool children (age range: 3-5 years), which were used as typical head and brain examples for Japanese children. Our algorithm consisted of the following two processes to establish a suitable brain template for given individuals. The first process involved the selection of one template from the above prototypal brain examples on the basis of the individual head volume, and the second process involved linear transformation of the selected brain template on the basis of the individual head shape. To examine the spatial error range of our algorithm with prototypal brain examples of this size range, we used a leave-one-out procedure in 38 samples. That is, one sample was extracted from the 38 prototypal examples, and the brain structure was estimated using our algorithm with the remaining 37 prototypal brain examples. Then, we measured the spatial error between real and estimated structures in both head and brain surface points. We repeated these procedures 38 times for each prototypal brain example, and the error range of our algorithm with prototypal brain examples of this size range was calculated.
Preparation of 38 prototypal brain examples
MR images of normal children were transformed to isotropic data. Creation of the brain prototypal template consisted of four steps.
(1) For each MR image obtained from 38 preschool children, five fiduciary points (RE, right ear; LE, left ear; Nz, nasion; Cz, vertex; Iz, inion) on the head surface were determined ( Fig. 1 ). (2) The half distance between the right and left ears was calculated from RE and LE points and defined as D R-L. (3) An approximate ellipse was calculated from Nz, Cz, and Iz points using the least squares method on the middle sagittal dimension. The major and minor axes of the ellipse were defined as D A-P (i.e. anteriorposterior distance) and D S-I (i.e. inferior-superior distance), respectively. (4) The approximate volume of the ellipsoidal region was calculated from D R-L , D A-P , and D S-I using the following formula:
where V is the approximate volume and PI is the circumference ratio. (5) Thirty-eight prototypal templates with different brain volumes were identified by the approximate volume.
Selection and transformation of brain templates
To establish a suitable brain template for a given participant, one prototypal template, the approximate volume of which (calculated by head surface fiduciary points) was most similar in size to that of the individual, was selected from the above prototypal brain examples.
To make a suitable brain template for a given participant, the linear transformation technique was applied for the selected prototypal template. Parameters of affine transformation were calculated from head surface points using the least squares method. Affine transformation was performed according to the following formula:
x 0 ¼a 11 xþa 12 yþa 13 zþa 14 ;
y 0 ¼a 21 xþa 22 yþa 23 zþa 24 ; z 0 ¼a 31 xþa 32 yþa 33 zþa 34 ;
where x, y, and z are pretransformation coordinates, x 0 , y 0 , z 0 are the respective posttransformation coordinates, and a is the transformation coefficient. 
Evaluation
Registration error was evaluated according to the following two steps:
(1) Twenty-five head surface points based on the international 10-20 positions were automatically identified as described previously [4] , and seven intracranial points were manually identified in all raw MR images (i.e. prototypal examples) and all suitable templates ( Fig. 1 ). (2) Using the above head surface and intracranial points, registration error between a given individual and the suitable template or one prototypal template selected at random was calculated using the root mean square error (RMSE) defined according to the following formula:
where XC are the coordinates of one individual, XO are the coordinates of suitable templates with transformation or one template selected at random, and N is the number of points.
In the present study, we used a leave-one-out procedure. One sample was extracted from 38 prototypal examples for a given individual, and the brain structure was estimated by our algorithm using the remaining 37 prototypal brain examples. Then, registration error was evaluated according to the above steps. We repeated these procedures 38 times for each prototypal brain example, and the error (i.e. RMSE) range of our algorithm with prototypal brain examples of this size range was calculated.
Statistical analysis
Statistical significance was evaluated using Prism5 software (GraphPad Software, San Diego, California, USA). Student's t-test was used for analysis of registration error between a given individual and the suitable template or one template selected at random. In all analyses, P < 0.01 was taken to indicate statistical significance.
Results
Image registration
An example of registration between one individual and one template with similar shape and transformation is shown in Fig. 2a . The yellow image shows the MR image of one individual, and the red image shows the template with transformation. The results of registration between one individual and one template with nonsimilar shape and transformation are shown in Fig. 2b . The yellow image shows one individual, and the red image shows the MR image of the template with transformation. Figure 2 shows that registration error can be reduced using one template with similar shape and transformation. Figure 3a shows the results of RMSE of 25 head surface points on the basis of the international 10-20 positions with and without the first step procedure (i.e. selection of prototypal template on the basis of the approximate Fig. 2 (a) An example of registration between a given individual and one template with similar shape and transformation (i.e. suitable template). (b) An example of registration between a given individual and one template with nonsimilar shape and transformation. The yellow image shows a given individual, and the red image shows the magnetic resonance image of the template with transformation. Registration error could be reduced using one template with similar shape and transformation.
Evaluation of registration errors
Development of pediatric brain template Hayashi et al. 301 volume). The degree of registration error was significantly reduced using this procedure (P < 0.001). Figure 3b shows the RMSE of intracranial points with and without the first step procedure. Using this procedure, registration error was also significantly reduced in intracranial points (P < 0.001).
The error of head surface points between each individual and the transformed template most similar in size was 13.6 ± 5.3 mm. The error of intracranial points between each individual and the transformed template most similar in size was 18.5 ± 12.4 mm.
Discussion
Early childhood, typically defined as the preschool years, is an important and distinct stage in childhood development [5] [6] [7] . The last decade has produced an explosion in neuroscience research examining young children's early processing of social information, including language [8] .
Although this age is challenging for some brain functional imaging methods (e.g. functional MRI and PET), noninvasive, low stress functional brain measurement methods, such as MEG and NIRS, have recently been proven feasible for use in preschool-age children, and reports have begun to appear regarding various cognitive processes in this age group [1, 2, [9] [10] [11] [12] [13] [14] .
If individual brain structural information in preschool-age children can be estimated with a certain amount of confidence without performing MRI or X-ray computed tomography scan, MEG and NIRS will be more ideal methods for use in this age group. In such cases, after coregistration, the functional images can be normalized to one average-sized and average-shaped brain image. Then, the statistical significance of activations across all participants or statistical comparisons between groups can be tested for the whole brain with existing software, such as SPM series (Wellcome Department of Cognitive Neurology, London, UK, http://www.fil.ion.ucl.ac.uk/spm/soft ware/spm8/). Our algorithm in the present study is a new approach for such group analyses.
The present study had some limitations. First, we developed the algorithm only for children of 3-6 years old, and therefore it cannot be used for other age groups with the same spatial error range. Especially in younger children (i.e. 0-2 years old), further studies with fine classification down to the number of months of age are necessary, because the increases in brain volume and changes in brain shape are most dramatic during infancy, with continued minor increases in volume and reshaping during childhood and adolescence [15] . The second limitation of the present study was that the error of intracranial points between each individual and the transformed template was 18.5 ± 12.4 mm. This range of spatial error is insufficient for MEG single equivalent current dipole source analysis in which localization error is especially small (c 3 mm) [16] . However, this range of spatial error may be sufficient for MEG distributed source models (e.g. minimum norm estimates), which divide the source space into a grid containing a large number of dipoles and yield blurred images of the true neuronal source distribution [17] , and for NIRS data that are of low spatial resolution (> 3 cm) [18] .
Conclusion
We developed an algorithm to estimate brain coordinates with reference to the head surface shape in preschool children. The mean error of landmarks was 13.6 ± 5.3 mm on the head surface and 18.5 ± 12.4 mm in the intracranial structure between estimated and actual brain coordinates. 
